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A NEH HIGH-BRIGHTNESS ELECTRON INJECTOR FOR FREE-ELECTRON LASERS

DRIVEN BY RF LINACS*

JOHNS. FRASER, RICHARD L SHEFFIELD and EDHARD R. GRAY, AT-7, MS H825

Los Alamos National Laboratory, Los Alamos, New Mexico 87545

A frse-electron laser oscillator, driven by an rf l!nac, requ!res a

train of electron bunches ~ellvered to an undulator. The br!ghtress

requirement exceeds that available from a conventional I!nac with rf

bunchers. The demonstrated high brightness of Iaser-illuminated

photoemltters Indicates that the conventional buncher system might be

el!mlnated ent!rely, thereby avoid!ng the usual large loss In brlqhtness

that occurs in bunchers. A photoemitter with a current density of about

200 A/cm2 IS placed on an end wall of an rf cavity to accelerate a 60-ps

bunch of electrons to 1 MeV as rapicily as poss!ble. Prel!m!nary

experimental worh, s!mulatlon calculations, and d!scus~lons on emlttance

measurement techniques and pos!t!ve Ion motion In the rf qun are presented.

1,. Introduction

A flee-eiectron laser ~FEL) oscillator requ!res a trail of high-density

electrcr bunche; passing through an undulator, a requirement th~t Impl!es

not only a h!gh peak current (typically )100 A), but also a low transverse

beam emlttance. Radio-frequency linear accelerators are well su!t?: to

de’!ver beams of low emittance, bunched to a small Iongitudlndl phase

width, However, If h!gh peak-current bunches were located In every rf

bucket, excessively high average beam powers would result. Therefore, a

subharmonic bllnchlng (SHt3) scheme IS usually ernplc)yed.
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In rf-llnac-driven FELs, conventional subharmonic bunchers are

currently used, but the resulting dllutlon of phase space Is not acceptable

for advanced high-power and/or short-wavelength FELs. This paper descr!bes

an Injector development program, now under way at Los Alamosm based on the

use of a laser-l llum!nated photocathode placed or; tha end wall of an rf

cavity, that 1s, an “rf gun” that eliminates the conventional bunch!ng

process t?nt!rely.

2. Brightness of electron sources

The normalized peak brlghtriess of a beam is defined as

BnW IHEM Ey) [Al(m2~rad2)l ,

where I Is the peak ~urrent and EM and E are the normalized transverse
Y

phase-space areas (emlttances) of the beam [1]. For a typ!cal thermlon!c

emitter at 1160 K, the average tr~nsverse energy of the emitted electrons !s

0.1 eV; corresponding normal !z?d peak brghtness IS Ilm!ted to [2,31

Bn = I/E 2 ■ 4.1 x 109J [A/(m2~rad2)]n

for a uniform current density J, The bunching itnd !n!tlal arcelerat!on

process typically results in h!gh peak currents, but a pr!ce Is pa!d In the

dllutlon of phase space In all SIX dlmen;lons,

A normalized transverse electron beam emlttance of En - YA gives

an opt!cal gain In the wlqglel very close to the max!mum [21, whereas

En ■ 2 yk r~duccs the gain by a factor of 4 [2,31. Figure 1 shows the

nOrIhdl!Zed peak br!ghtnes, for several typ!cal single-bunch accelerators as

well as results for two pulse tra!n accelerators [4-7], For comparison, the

maxlmuin ava!lable brlghtfless flmom a photoemlss!ve cathod~ !s shown for a

current density of 200 A/cmz, a current dens!i.y that !s well w!thln the

cathode’s demonstrated capab!llty [11,91, lhe brlqhtness requirements for

two dlffe)ment wave!enqth Ftl oscillators are alsu shown.
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3. Electron btinch transport in an rf gun

The thermal energy of the ele~trons as they leave the surface of the

photoemltter 1s low. However, the transient forces to which an intense

bunch Is subjected as It emerges lntc a strong accelerating f!eld are large

and are comparable to the space-charge force.

Jones and Pet~r [101 have shown the importance of nonllnear forces in

detailed simulation calculatlocs of the transport of very short electron

bunches In dc and rf f!elds. Emlttance growth is m!n!mized if at least twr,

condlt!ons are met: (1) the current density !n the bunch !s uniform and

therefore the space-charge force Is llnear ~n the radial d!rect!cm. and (2)

the cavity field (ln the absence of space c$arge) !s radially llnear. The

latter condltlon IS satlsf!ed If the cav!ty wall shape IS given by

P2- 2[(*-c)(l-2p) + (3/3 - p{21/(L-p) , (1)

where p = rlz~1 (
■ “20’ w - - *’E(IZO’and* ‘s ‘he

electrlc potential; E. !s the (a~!al) electric field at tht

orlgln (r = 0,2 = 0). The rad!al electrlc field IS given by E = p ({-p).
P

The poslt!on at which the axial electrlc field van!shes for r - 0 is denoted

by 2., and P Is an arb!trary focus!ng parameter, For O < P c 0.5, the

rad!al electr!c flcld exerts a foc~slng force in the region o < z ( pzo,

In a bunch of f!n!te length, the electrons In the Iead!ng- and

tra!llng-edge reylons are acted upon by the large, nonl!near, transient,

Iong!tudlnal force~ arls!ng from the large, rate of change In the total

current, an action that lead~ to emlttance growth, The~efor~, the emlttance

growth IS reduced by using long pulses !n which the hot end reg!ons form a

smaller fract~on of the whole,

-3-



4. Design of photoemltter Injet .~r

The high current density available from semiconductor photoemltters

makes fea$lble the formatton of high peak-current bunches without the loss

of beam quality that accompanies the conventional bunching process. Current

densltles of about 200 A/cm2 have been reported [13,91from

laser-illuminated GaAs and Cs3Sb. Furthermore, the average electron

energy has been shown to be 0.1 eV for low current denslt!es [111. If

the average transverse enercjy of the emitted electrons does not rise rapidly

with current density, then the production of bunches with h!gh peak

brightness 1s indeed possible.

The temporal profile of the bunches can !Je controlled to the same

extent that the !ncldent laser pulse can be tailored. Streak cameras with

Cs3Sb photocathodes have picosecond time resolutions. Therefora, for a

50-Ps laser pulse, the temporal profile of the electron emlsslon should

follow the laser pulse without significant brcadt.l!ng. The radial prof!le

of the electron ~drrent density also can bc controlled through the laser

pulse.

Laser pulse widths of about 60 ps wI1l be ctlrected through the electron

beam bore hole onto thu photocathode. To accelerate the opt!cally chopped

electron bunches as rapidly as poss!ble, the photoemltter !s placed on the

end wall of the first rf cav!ty in an !njector l!nac, the rf gun cav!ty.

The cavity walls near the beam axis are shaped accordlnq to Eq. (1). The

focus!ng parameter p was chosen to be 0.15, a value that gives mlf?!mum

emlttance growth [101, and the scallng parameter Z. = 4.0 cm was used.

The outer part of the rf gun cavity was shaped to maxlm!ze the cavity

qu~l!ty factor Q F!gure 2 shows the rf gun c~v\ty d,!s!gned for an

operat!ng frequency of 1300 MHz, Plot{ of the rad!al electrlc f!eld

obtained from the
-4-



code SUPERFISH are shown In f!g. 3 for different z values. They are,

Indeed, much more llnear than the corresponding fields in a more

conventional rf cavity opttmlzed for high shunt impedance. Figure 4 shows

the radial electric field in a high shunt Impedance cavity [71.

5. The 5-MeV Injector llnac

~ollowlng the Initial acceleration in the rf gun cavity, the beam

enters a second cavity that is rf powered and phased separately from the

first or rf gun cavity. Figure 5 Is a schematic of a proposed photoem~tter

injector. The septum separating the two cavltles 1s made as thin as

possible so that the Overdll accelerating gradient Is maximized. The

profile of the second and the following cavttles Is patterned after the >ame

set of equlpotentlals as used in the deslg(~ of the rf gun cav!ty. ihe

mldplane of these cavltles 1s the g - p plane in which the radial

electrlc field !s zero. The bore rad!us (1.7 cm) Is made larger than that In

the rf gun cavity (1.2 cm) by using the w = 0.85 surface. A larger bore

was chosen to reduce the coupllng to the dipole, beam-blowup modes. The use

of the smaller bore on the rf gun cavity produces a coupl!fig coefficient

between It and the second cavity of 10-4.

The cavities numbered 7 to 5 form a b!per;odlc structure operat!ng in

the w12 mode. The ilde-coupllng cavltles will be firned at 90° azimuthal

Intervals along a spiral and wII1 he fabricated from stainless steel; both

features tend to suppres’ the dipole modes.

The thcoretlca’

l!near-field cavity

5HM$l/m for the opt

side-coupler slots L

effective shunt impedance of the side-coupled

cha!rl 1s ZT2 ■ 36 MS1/m RS compared with the valuk

mlzed shunt impedance cav!ty [71, The addltlon of the

nd the lmDerfectlons Introduced bv braz!na. decirade the

shunt Impedances to about 32 and 52 MO/m, respect!vuly,
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Some degree of magnetic phase compression will be required to

simultaneously satisfy the conflicting requirements of long pulses In the rf

gun cavity (to mlnlmlze the end effects) and short pulses In the main

accelerator (to mlnlmlze energy spread). To this end. an energy-modulating

cavity Is added after the fifth accelerating cavity. The phaze IS shifted

forward by 90° from a normal accelerating field so that the gap voltage 1s

rls!ng and pas~lng through zero when the center of the bunch IS in the

midplane of the cavity, a condition uhen the modLllatlng cavity is X/4,

51t4, etc., from the center of the last accelerating cavity. The

A/4-spacing IS Impractically short because the cavltles overlap;

therefore, the 5114 spacing Is chosen, A long TMo.lo-mode coupling

cav!ty connects the mdulatlng cav!ty to the rest of the side-coupled

structure.

The phase-correlated energy spread !ntroduced by th!s cavity makes 1!

possible to produce a phase compression ratio of about 3 to 1 before the

beam enters the main accelerator.

Figure 5 shows a sect!on of the proposed 5-MeV !njector Ilnac. The

ent!re

beam d’

vacuum

section shown !s bake~ble to 300°C and will be separated from the

agnostic and transport area hy a d!fferent!ally punlped section of

line. The pressure will be ma!ptalned at a level below 10-9 torr,

6. Emlttance measurement of !ntense br!ght beams

In allymethod of measuring the transverse emlttance of $.beam, the

transport properties of th~ beam (or a fract!on of the beam passed through

an aperture) from one pos!t!on to another in a beamllne are assumed to be

known, In some methods, the b~amor beamlet simply drifts through a known

distance; whereas In other:, orleor more transport ~lements are var!ed wh!le

reacl!ngsof the beam diameter or ~roflle are obtained. The desired
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emittance Information 1s then obtained by !nvoking the known transfer matrix

for the system, either In a slrlgle linear equation or In a coupled set of

llnear equations. The assumption Impllclt In these methods 1S that the

beam-envelope behavior Is dominated entirely by the emlttance. In other

words , space-charge forces can be Ignored. As the current in a beam

Increases, the beam-envelope behavior becomes less dominated by Its

emlttance and more dominated by space-charge forces.

In the rf gun, the current density should !nltla ly be quite uniform.

?~r a round, drifting beam of uniform current density, the envelope equation

for the ra~lus in the absence of external forces [121, Is

(inksunits)d2r K C2 = ~ qI—-. -.— where K =
dz2 r r3 ‘ 2 w COMOC3 (DY)3

and c Is the unnormallzed transverse phas~ space area dlvlded by w, The

ratio of the space-charge term to the emittance term IS proportional to

~r2/c2 from which It IS ev!dent that rs the baam expands, the

space-charqe term becomes more Important,

A,A. Garren [131 has developed a d!menslonless form of the envelope equation

by using the transformations

The d!menslo~less envelope equation 1S then

d$l 1 1—-—-—=0 .
dtz 2H N3

The rat~o of the second to the third terms ~~ now H2/2, When H < ~,

the emlttance term dom nstcs; when W ) fl, the space-charge term dominates.
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Figure 6 displays Garren’s dlmenslon

normalized brightness for three beam radi

brightness regime of ‘nt~rest to FELs, BN

beams are space-charge dominated un’

O.1-mm r~dius. For beams with M of

to measure the emittance of the who”

ess parameter H ver$us the

at two low energies. For the

) 1010 A/(m*grad*), the

ess they are focuszd to a waist of ~boljt

approximately JT, it would be passlble

e beam If the envelope equation were

used to compute the beam-envelope evolution from one measurement station to

another. Therefore, for very bright beams with high peak curr~nts, it is

exceec!lngly dlfflcljlt to measure the emittance of the whole beam.

On the other hand, for low average-power beams, the pepper-pot method

remains a feasible measurement technique. The feaslDillty lles In the way

the parameter W scales with beamlet radius. For a beamlet of radius r. at

the center of the beam of radius rtot, the parameter Nb Is related to

‘tot
for the whole beam by the equation Wb - 14+otwro/(4rtot),

b

In which It Is assumed that the current density Is uniform. In essence, the

pepper-pot method Is feasible for high-current beams because the

spac~ charge Influence on the beam envelope evolutlon 1s reduced while the

beam brightness is conserved In the beamlet.

7. Positive Ion dynamics In an rf gun c~vlty

As

cavity,

cav!ty.

hjdrogel

for lon

CO, the

the pho

the electron bunch from the photocathode traverses the rf gun

the bunch wI1l Ionize some of the res!dual gas molecules In the

The prlnclpal ccmstltuent of the residual gas 1s molecular

, with lesser amounts of CO and H20. Because the cross sect!ons

zatlon by electron Impact peak at ?0 eV for H2 and at 100 eV for

major!ty of the lcms are created at dlztances less than 30 pm from

ocathode, depend!~g on the phase of electron emlsslon. In a dc

field of 200 kV/cm, the Ions would be created wlthln 5 pm of the
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photocathode, and their energies w!ll be equal to the electron energies at

the time of ionization. For a 1-A average electron current In a f!eld of

15 MV/m, the H; Ion current !s estimated to be 14 pA for a partial

-9pressure of 10 torr. The average !mpact energy on the photocathode is

440 eV.

Because the Ion and electron energies of Interest are all less than

about 1 keV, f?onre’
.

g- go cos 0, the

posltlon Xc !s

ativ!stlc equat<ons of nmt!on suffice. In an rf field

on displacement following its creation at @ = @c at

X.-Q= (cos $ + sin $. - cos O.
w)’ “L L L L L

where $ - wt. The Ion motion 1s a llnear drift with a superimposed

s!nusolc!al motion. The direction of the drift depends on the sign of the

creation angle @c. If $C > 0, the Ions drift In the same direction

as the rap!dly accelerated electrons; lf @c < 0, the ions drift backward

toward the cathode.

Light Ions, llke H; and H; wI1l strike the cathode in the same rf

cycle in which they were produced. Detailed calculations have been made of

the H; Ion current Impacting the cathode and of the averaqe Impact energy,

both of which are a function of the creation phase. Figures 7a and 7b glvu

the results for an average electron beam current of 1-A In a partial

pressure of 10-9 torr for H2 In a peak rf field of 30 MV/m. For an

electron starting phase of -30°, the average impact energy for H; 1s

350 eV and the current 1s 7 pk. The corresponding results are 440 eV,

0.03 PA for H+ and 17 eV, 0,22 pA for CO (at 10-” torr) .

-9-



8. Conclusion

The prospects

electron-bunch tra

are good for producing an Improved injector delivering an

n tc an FEL rf llnac. Important processes involved, such

as the prod~ctlon of high peak currents and temporal profiling, have been

demonstrated in single-bunch experiments. Further experiments are needed to

verify the low emlttance and long lifetlme of photoemitters in the

environment of an rf cavity.
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Figure captions

Flq. 1. Normalized peak

systems in sing’

[4], Stanford L

brightness for several typ!cal subharmonic-buncher

e-hunch acc~?erators (Argonne Nat\onal Laboratory

near Collider [51) and in pulse train accelera’

(Boeing Aerospace Co. [61, Los A?amos National Laboratory [71)

The horizontal straight line represents the theoretical therms

limlt for a photocathode with J - 200 A/cm2. The objective fo’

ors

a

photoemltter Injector for FELs Is shown In the cross-hatched bo~,

Brightness requirements for two different wavelength FEL

oscillators are shown with the emlttancf? requirement noted.

Fig. 2. Profile cf the linear-field rf gun cavity. The Inner walls of the

cavity (radius c z cm) are given by Eq. (1) with ~ - 0 or 0.8,

shown by dashed lines at large radll. The bore radius 1s 1.7 cm.

Fig, 3, The radial electric fields near the axis of the rf gun cdvity

(within the cross-hatched area in the insert), The bore radius is

1,3 cm.

Flgi 4. The radial electric fields near the axis of a conventional rf

accelerator cavity optlmlzed for high shunt !mpedance (w!thln the

cross-hatched area of the Insert [71).

Fig. 5. A schemdt!c diagram of a proposed photoemltter Injector llnac.

Fig, 6. Garren’s [131 dlnlenslorlles~parameter W vs beam brightness for a

peak current of 200 A,
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Fig. 7, Impact current and tmpact erergy as functions of the electron

starting phase for a 1-A average electron current In a 1300-MHz rf

field of 30 MV/m peak amplltude. The residual gas in the rf cavity

!s assumed to be mostly hydrogen at 1 x 10-9 torr.
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